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Abstract
Chemical and bio-remediation measures for the detoxification of pollutants such as cyanide and heavy metals in
mine tailings effluent have been developed over the years. The study sought to evaluate the decrease in the
concentrations of Cu, Zn, Fe, Cd, As and Pb through the integration of the processes involving photo-oxidation,
activated carbon, hydrogen peroxide and bacterial degradation to decontaminate wastewater from the gold ore
treatment plant until release into the environment in Ghana. The levels of trace metals Cu (0.345 mg l-1), Zn (0.07
mg l-1) and Fe (0.146 mg l-1 ) in treated effluent released into natural water bodies after bacterial degradation was
generally within international and local standards for effluent discharges. Except for As, the levels of Cd and Pb
which are hazardous heavy metals that may pose adverse health and environmental effects were within acceptable
limits. The toxicity of these metals were in the increasing order Pb < Cd < As. The anthropogenic source of As
in the chemically processed arseno-pyritic rock ores of the study area and the marginal 14–49% efficiency of As
of the different detoxification processes could have contributed to the high levels of As in the effluent. If optimal
conditions are attained for the decontamination processes used, the multi-remediation approach could be an
effective solution for the decontamination of mine tailings effluent.
Introduction
Environmental pressure groups such as
Wassa Association of Communities affected
by Mining (WACAM), The National Coalition
on Mining (NCOM) and Third World
Network-Africa (TWN-Af) have expressed
concerns over the magnitude of land
degradation and water pollution that occur
in mining environments in Ghana. In some
mining communities, the spent rocks from
surface mining operations deposited on
agricultural lands deprive the people, who
are predominantly farmers, of their
livelihoods (WACAM, 2003). The heavy
metals of sediments from waste damps and
deforested lands pollute rivers that serve as
main sources of drinking water during heavy
rainfall (NCOM, 2009; WACAM, 2003).
Arsenic concentrations up to 350 mg l-1
have been reported to occur in stream waters
affected by mining pollution in the Obuasi
area of southern Ghana by Smedley (1996).
Surface mining operations have resulted in
stream pollution from cyanide spillages, acid
mine drainage (AMD) and tailings leakages
(Owusu-Kwateng, 2005).  These activities
have serious health implications and deprive
the people in these communities access to
the basic human need of good quality
drinking water (Owusu-Kwateng, 2005;
WACAM, 2008). The global economic and
environmental climate has changed in recent
years, and there is increasing pressure on
mining companies to clean up toxic wastes
and improve regulatory frameworks to attract
foreign direct investment flows (OECD,
2002).
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Several processes have been employed in
the decontamination of effluent containing
cyanide and associated heavy metals
worldwide. These include natural degradation
by ultraviolet radiation as in the tailings dam,





oxidation by chlorination, Cyanisorb process,
the INCO process involving oxidation by SO
2
(Akcil, 2003), Acidification-Volatilisation-
Recovery (AVR) process, Acidification-
Volatilisation-Neutralisation (AVN) process,
sulphidisation, acidification, recycling and
thickening (SART),  conversion into stable
iron cyanide precipitates and increased
solution pH by liming (USEPA, 1994).
However, an integration of different effluent
detoxification methods is used by the mine
under study, until final discharge into natural






and rotating biological Contractors (RBCs),
that involve bacterial degradation with
Pseudomonas sp. at different points of
effluent flow (Opong, 2008).
Hydrogen peroxide oxidizes cyanide in
solution, in the presence of the copper ion
as a catalyst, to cyanate ion which,
subsequently, hydrolyses to form ammonia





process can be applied to
waste waters but reagent requirements
increase for slurries (USEPA, 1994).  The
photo-oxidative degradation of cyanide that
occurs by UV radiation is slow but the rate
of the reaction can be enhanced with
increasing UV light intensity (Malhotra et al.,




(Malhotra, Pandit, Kapoor & Tyagi, 2004).
Columns of activated carbon are utilized in
the CIS process to precipitate heavy metals
and dissolved gold (Opong, 2008). The
precipitation and, or microbial degradation
of thiocyanate also occur in the activated
carbon columns (Dictor et al., 1997). The
destruction of cyanide by bacteria results in
the formation of ammonia, carbonates and
sulphates from cyanide (Whitlock & Mudder,
1985; USEPA, 1994). The metal ions
released from metal cyanides are sorbed and
precipitated onto the biofilm of the rotating
biological contractors, and the ammonia is
finally converted into nitrate (Akcil, 2003;
USEPA, 1994).
Bacterial degradation potentially provides
a relatively cheaper and more efficient means
of cyanide degradation than chemical
methods (Akcil, 2003; Ebbs, 2004).
Biological remediation and photolysis have





 and activated carbon as in CIS,
because thiocyanates are removed from
waste waters (Akcil, 2003; Dash et al., 2009).
In biological treatment, free metals are either
adsorbed within the biofilm or precipitated
from solution (Dash et al., 2009). The
degradation of metals and metal cyanide
complexes of Zn and Cu has been reported
by Akcil (2003) and Botz (2001). An
integration of chemical and biological
treatments might, therefore, be a more
appropriate approach to the detoxification of
raw waste water produced from gold
processing.
The specific objectives of this study were
to assess the effectiveness of an integrated
waste water detoxification regime, and to
determine the extent of free cyanide and
heavy metals decontamination of remediated
tailings sites in a Ghanaian mining concession
in relation to local and international acceptable
thresholds.
Materials and methods
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Site description
The research was conducted within a
Ghanaian mine, where the gold deposits
occur along a zone of intensive shearing and
faulting within the Precambrian greenstones.
The mineral deposits are of two types,
comprising of quartz veins containing high-
grade free gold and the main sulphide ore in
which narrow veins contain gold trapped
within arsenopyrite. The soils of the area are
classified as Ferralsols (FAO & IUSS, 2006).
A main natural water body with some of its
tributaries flow into and out of the mining
concession.
Effluent flow and discharge into the
environment
The flow of effluent after gold extraction
by the oxide and sulphide treatment plants,
until discharged into the environment, is
shown in Fig. 1. Briefly, the treatment of the
processed gold ore effluent commences with
its flow from the sulphide and oxide treatment
plants into the tailings dam and also
impoundments I and II (Fig. 1).  Pond I,
which was designed to flow into Pond II, is
silted up and there are currently attempts to
desilt it. The effluent in Pond II then flows
into Pond III, which is treated with hydrogen
peroxide to detoxify cyanide. Subsequently,
the supernatant waste water from pond III
and the holdings are recycled to the oxide
and sulphide treatment plants for reuse.  The
supernatant waste water from the tailings
dam is then channelled into the holdings pond.
The waste water in the holdings pond
undergoes carbon-in-solution treatment in
activated carbon columns and photo-
oxidation treatments for the detoxification of
heavy metals/removal of dissolved gold and
cyanide, respectively. The process of bacterial
degradation for the detoxification of cyanide,
using Pseudomonas sp., then takes place via
the Rotating Biological Contractors (RBCs).
The resultant treated waste water is
channelled into a fish pond and, subsequently,
released into the water course of the
environment.  The treated effluent flows into
the environment through the upper and lower
courses into the main river which is a
tributary of larger water bodies.
Effluent sampling and preparation
The effluent of the study area was sampled
and analysed. The effluent samples were
taken in black 1-litre polyethylene bottles to
minimize the degradation of cyanide by
ultraviolet radiation. Samples were collected
into the bottles after they had been initially
rinsed with the effluent. Three grab samples
were taken at different sampling points per
effluent site. The oxidizing agent, chlorine,
that can destroy cyanide in the effluent at
the preservation stage, was neutralized by
the addition of 0.06% ascorbic acid per litre
of effluent.  The samples were placed in an
ice chest, at a temperature of about 4o C,
from the field to the laboratory. The pH of
the effluent was measured with the portable
Yokogawa PH72pH/ORP pH metre. The pH
of 50 ml of the subsamples to be analyzed
for free canide were raised to 12 with NaOH
solution to reduce losses due to volatilization
of HCN and the transformation of CN- into
stable cyanide compounds at low pH  (Young
& Jordan, 1995). The 50 ml subsamples for
the analyses of heavy metals were acidified
with concentrated HNO
3
 (0.1% v/v) as a
preservative (Chatterjee et al., 1993).
Effluent analyses
The concentrations of free cyanide (CN
F
),
As, Pb, Fe and Zn of the tailings dam,
holdings pond and detoxified effluent from
processed gold ore were determined.
Cadmium (Cd) and Cu, which form Weak
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Acid Dissociable (WAD) metal-cyanide
complexes, that readily dissociate to release
toxic free cyanide, as well as the metal
cations, were also determined.  The analyses
of the samples for free cyanide and heavy
metal concentrations were conducted within
24 h and 1 week of sampling, respectively.
The randomised complete block design with
three replications was used. The levels of
free cyanide and heavy metals were also
compared with local and international
standards.
In the procedure used for cyanide
determination a 10-ml test tube was filled
with 6 ml of effluent sample. Effluent
samples with free cyanide concentration,
Sulphide and oxide treatment plants effluent (STP) (untreated 1) Ä
Tailings dam (STD) effluent Pond I
Recycling (Slurry                decant) Recycling (De-siltation in progress)






Heavy metal detoxification   Cyanide detoxification
Carbon-In-Solution (CIS) Ä Photo-Oxidation (Pox) Ä
Pseudomonas sp.
Rotating biological contractors RBCs to the environment Ä
RBCs)
River tributary (upstream)   Ä
River tributary (downstream) Ä
Main River
ENVIRONMENT
   Ä Sampling points used for data analysis
Fig. 1. Flow chart of the detoxification of processed gold ore effluent
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more than the measurable maximum limit of
5 mg l-1, as for the effluent of the tailings
and holdings dams, were diluted with de-
ionized water and the dilution factor of 20
noted.  The cyanide ion reacts with chlorine
in chloro-T-amine to form cyanogen chloride
that reacts with pyridine to form cyano-1-
pyridine. The cyano-1-pyridine then reacts
with dimethl-1, 3-barbituric acid to form a
complex dye with a red-blue coloration, with
intensity dependent on the concentration of
cyanide.
With the aid of micro-spoons provided by
a cyanide determination kit, 0.04 g of each
of the reagents, Chloro-T-amine powder (CN-
1A) and Dimethyl-1, 3 barbituric acid (CN-
2A) were added in sequence to the cyanide
contaminated effluent. Three drops of the
reagent Pyridine (CN-3A) were then added
to the contents of the test tube and shaken
for 1 min.  A period of 5 min was allowed
for the reactions to complete and the
comparator used to determine the free
cyanide level in the effluent (AGCL, 2000).
The 50-ml effluent samples used for the
determination of heavy metals were filtered
through a 0.45-μm filter paper. The filtrate
was analyzed for As, Pb, Zn, Cu, Fe and
Cd, using the Atomic Absorption
Spectrometer (AAS, Spectr AA 220) with
an air/acetylene flame.
Statistical analysis
The Genstat statistical package (Genstat,
2003) was used for the analysis of the data.
The analysis of variance (ANOVA) was used
to determine the effects of processed gold
ore effluent detoxification method on the
levels of free cyanide and the heavy metals,
As, Pb, Zn, Fe, Cd and Cu. The least
significant difference (lsd) was used for the
separation of means at the 95% confidence
level.
Results and discussion
Temperature, pH and free cyanide of
untreated and treated effluent of the mine
The results of the temperature, pH and free
cyanide of the effluent produced in the study
area that were analyzed are presented in
Table 1. The pH of the treated effluent
discharged ranged from 6.12 to 7.47. The
pH values of the untreated effluent ranged
from 7.59 to 8.98 and were significantly
different (P < 0.05) from those of the treated
effluent (Table 1). Free cyanide, in the form
of hydrocyanic gas, is released from tailings
waste, which occurs in the form of tailings
slurry or decant of waste water at pH values
less than 8 (Young & Jordan, 1995). Cyanide
volatilization rates increase further with
decreasing pH (Young & Jordan, 1995). The
pH of the untreated mine waste after gold
extraction is, therefore, raised through the
addition of calcium hypochlorite, before the
release. This could account for the higher
pH of the untreated waste water in contrast
to the treated effluent. It is worth noting that
the pH of the feed of untreated waste water
need to be sufficiently increased to ensure a
higher pH of the discharged waste into the
tailings dam. The pH values could be
adjusted to the value of 11 or higher so that
the free cyanide will be hydrolyzed to
produce aqueous hydrogen cyanide and not
released as hydrocyanic acid (Young &
Jordan, 1995).
 The effluent pH of 6.12 after bacterial
degradation was less (P < 0.05) than the
values obtained for photo-oxidation, carbon-
in-solution and hydrogen peroxide
treatments. A pH of less than 7 at a
temperature of 25 oC is favourable for
hydrolysis of the cyanate (OCN-) produced
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OH- ions (Goldstein, 1976). This might
explain why the lowest (P < 0.05) effluent
pH condition was created after the
metabolism of cyanide by thin films of the
bacteria Pseudomonas sp. on rotating
biological contractors (RBCs).
The operating effluent pH of 7.22 for the
hydrogen peroxide treatment might not have
been optimal to yield the desired reaction
rate for an efficient reduction of the total
cyanide, and, subsequently, the free cyanide
levels in the effluent. This is because the
formation of HCN and its volatilization into
the atmosphere is optimal at pH less than
9.7 (Khodadadi et al., 2005). The pH value
of 6.95 of the effluent discharged into the
upstream water course was greater (P < 0.05)
than that of upstream water (6.84).
Fluctuations occur in the pH of the effluent
discharged from the rotating biological
contractors (RBCs) into the environment.
The fluctuations in the pH of effluent
discharged from the RBCs over time could
have contributed to the higher (P < 0.05)
effluent pH of the water upstream. The soil
of the mining area is acidic (pH of 5.53 ±
0.06). The soil solution that seeps from the
acidic soil of the study area into the water
course could have led to increased hydrogen
ion activity at the lower course.
The pH of drinking water is considered
by the World Health Organization guidelines
for drinking water quality to be of no health
concern at levels normally found in drinking
water (WHO, 2008). Nonetheless,
compliance with the effluent discharge limits
of 6.0–9.0 set by the Ghana Environmental
Protection Agency (Ghana EPA) is of great
TABLE 1
Temperature, pH and free cyanide of effluent of the study area
Treatment Effluent
pH Temperature (oC) Free cyanide (mg l-1)
Sulphide treatment plant
effluent  (untreated 1) 7.73 30.60 5.67
Hydrogen peroxide 7.22 30.27 0.23
Tailings decant (untreated 2) 7.59 31.07 31.67
Photo-oxidation 6.82 31.70 1.00
Carbon-In-Solution 7.47 30.50 10.67
Rotating Biological Contractors
(Bacterial degradation) 6.12 30.60 0.43
Environment (upstream) 6.95 29.87 0.001
Environment (downstream) 6.84 29.80 0.001
lsd (0.05) 0.05 0.26 2.53
Ghana EPA effluent discharge
permissible maximum limit 6.0-9.0 29-30 0.20
IFC/ World Bank effluent guidelines 6.0-9.0 <3o C differential 0.10
WHO guidelines for drinking water
quality (2008) n.h.c.1 n.l.2    0.073
1Not of health concern at concentrations normally occurring in drinking water
2Not listed
3Total cyanide
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relevance. This could ensure that neither
highly acidic nor too alkaline waste waters
are released into water bodies. The pH of
the discharged effluent is within the Ghana
EPA standards, and the survival of the
organisms that occur in the stream, into which
it flows, may not be adversely affected.
Temperatures measured for the treated
waste water were significantly different (P <
0.05) from those of the untreated effluent.
Generally, the temperatures of both the
treated and untreated effluent varied by ±
1.43 oC units. The effluent of the photo-
oxidation treatment for the remediation of
cyanide yielded the highest (P < 0.05)
temperature of 31.70 oC. This could be
ascribed to the greater exposure and
absorption of energy from ultraviolent light
to degrade the cyanide of the effluent
enclosed in a relatively small reservoir
(Malhotra et al., 2004).
The free cyanide levels of the untreated
effluent were significantly (P < 0.05) different
from the levels in the treated effluent (Table
1). The mean concentration of free cyanide
in the treated waste water ranged from 0.23
mg l-1 for the hydrogen peroxide treatment
to 10.67 mg l-1 for the carbon-in solution
(CIS) treatment. The free cyanide
concentration of the effluent of the RBCs
discharged into the environment was 0.43
mg l-1, which was found to be above the
effluent discharge limits set by the Ghana
EPA.
The efficiencies of the free cyanide
remediation technologies (percent decrease
of the concentration of free cyanide) of the





(95.9%), CIS (66.3%), photo-oxidation
(96.8%) and bacterial degradation (98.6%).
The least and most efficient remediation
technologies were the CIS and bacterial
degradation, respectively.
The percent efficiency of free cyanide









concentration, temperature and an effluent
feed with pH above 7.73 are maintained to





 treatment, a 100% decrease in free
cyanide levels could be achieved. A zero





 concentration of 6.65 mg l-1
and a temperature of 35 oC by Khodadadi et
al., 2005). The CIS treatment is mainly
designed to reduce the levels of dissolved
As, Pb, Cd, Zn, Fe and Cu in waste water
before final discharge into the environment.
Thiocyanate (SCN-) is adsorped on the
activated carbon that is utilized in the CIS
treatment (Dictor et al., 1997). The
thiocyanate, which is a weak acid dissociable












- (Dictor et al., 1997).
This could have accounted for the reduction
in the concentration of free cyanide for the
CIS treatment.  Bacterial degradation
potentially provides a relatively cheaper and
more efficient means of cyanide degradation
than chemical methods (Akcil, 2003; Ebbs,
2004). The highest efficiency of the effluent
detoxification after passing through the RBCs
confirms the efficiency perspective of these
findings.
Water soluble As, Cd, Pb, Cu, Zn and Fe
concentrations in untreated and detoxified
effluent
The data in Table 2 shows the
concentrations of the dissolved heavy metals,
As, Pb, Cd, Cu, Zn and Fe, in untreated and
treated effluent, in mg l-1, at the study site.
Detoxification of hazardous heavy metals
(As, Pb and Cd)
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The levels of dissolved As, Pb and Cd in
the treated wastewater were significantly
lower (P < 0.05) than those of the untreated
wastewater (Table 2). The concentrations of
the untreated effluent of the sulphide/oxide
treatment plants (3.328 mg l-1) and the
tailings decant (5.043 mg l-1) after the
different detoxification treatments were in the
ranges of As (1.7–4.354 mg l-1), Pb (0.101–
0.110 mg l-1) and Cd (0.018–0.032 mg l-1)
(Table 2). Subsequently, this yielded effluent
that was discharged from the RBCs into the
environment with levels of As and Pb that
were 21.78 and 1.06 fold the effluent
discharge limits set by the Ghana EPA. On
the other hand, using the Environmental,
Health and Safety (EHS) effluent guideline
of the International Finance Corporation/
World Bank (IFC/WB, 2007), an assessment
of the quality of the discharged wastewater
indicated that As, Pb and Cd concentrations
differed, respectively, by factors of 43.54,
0.53 and 0.64. The guideline values are more
stringent for Pb than As for the IFC/WB
(2007) standards and vice versa for the
Ghana EPA (2006) limits.
Generally, except for As, the effluent
concentrations of the metals under
consideration are within acceptable limits.
However, the trend of the toxicity of the
effluent discharged into the environment
based on these two standards decreased in
the order As > Cd > Pb. An As concentration
of 4.354 mg l-1 in the discharged wastewater
poses a potential risk to the surrounding
environment. This could be through the
contamination of groundwater and
downstream water bodies used for irrigation
(Liu, C.-p., et al., 2010). The seepage of
As, Pb and Cd into soil from the point of
discharge could aggravate the environmental
risks of farmers in the nearby communities.
TABLE 2
Heavy metal concentrations in effluent of the study area
Treatment Dissolved metals (mg l-1)
As Pb Cd Cu Zn Fe
Sulphide treatment plant effluent
(untreated 1) 3.328 0.135 0.034 0.834 0.085 0.250
Hydrogen peroxide 1.700 0.101 0.029 0.352 0.052 0.213
Tailings decant (untreated 2) 5.043 0.177 0.034 2.049 0.124 0.182
Photo-oxidation 3.702 0.104 0.029 0.786 0.052 0.132
Carbon-In-Solution 4.234 0.110 0.018 0.440 0.044 0.125
Bacterial degradation 4.354 0.106 0.032 0.348 0.070 0.146
Environment (upstream)  0.949 0.044 0.020 0.026 0.049 0.164
Environment (downstream) 0.915 0.033 0.018 0.019 0.035 0.152
lsd (0.05) 0.086 0.008 0.002 0.047 0.010 0.012
Ghana EPA maximum permissible limit 0.20 0.10 - 2.0 2.0 2.0
IFC/WB effluent guidelines (2007) 0.10 0.20 0.05 0.30 0.50 2.0
WHO guidelines for drinking water
quality (2008) 0.01 0.01 0.003 2.0 n.h.c* n.h.c*
*Not of health concern at concentrations normally occurring in drinking water
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The As, Pb and Cd concentrations in the
water upstream were 78.2%, 58.5% and
37.5%,  respectively, less than that of the
effluent concentration discharged into the
environment.  The analytical data of the
lower course of the stream showed greater
decreases in the concentrations of As, Pb
and Cd in the treated wastewater flowing
into the environment by 79.0%, 63.6% and
43.8%, respectively. These significantly lower
levels of the dissolved metals with distance
along the water course could be partly
ascribed to the dilution effect as has similarly
been observed by Huang et al. (2008). A
consideration of the WHO (2008) guidelines
for drinking water quality implies that the
natural water body into which the effluent is
discharged could be considered as
contaminated with As, Pb and Cd, if drunk
by inhabitants of the surrounding
communities.
However, it is worth noting that although
the typical natural levels of As in fresh water
is less than 0.01 mg l-1 (Smedley &
Kinniburgh, 2002) the levels of As in the
water bodies, that flowed through upstream
and downstream farming communities, were
0.949 mg l-1 and 0.915 mg l-1, respectively.
These values are also as much as 91.5–
94.9% greater than the WHO (2008)
guidelines for drinking water quality and
could have harmful effects on human health
if used as drinking water (Bhattacharya et
al., 2002). Of greater concern is the fact that
the soluble and exchangeable fractions of
toxic metals in soils are the most important
associated to ground water pollution and to
plant nutrition as noted by Sastre et al. (2001).
Detoxification of trace metals (Zn, Cu and
Fe)
The separation of means indicated that
there was a significant difference between
the untreated and treated effluent at the 95%
confidence level. All the different
detoxification methods, therefore, decreased
the levels of Zn, Cu and Fe, but to varied
extents (Table 2). The percent decrease of
the concentrations of the Zn, Cu and Fe for
the different waste water remediation





(38.8%, 57.8% and14.8%), CIS (64.5%,
78.5% and 31.3%), photo-oxidation (58.1%,
61.6 % and 27.5%) and bacterial degradation
(43.5%, 83.0 % and 19.78%), respectively.
The percent reduction in the level of Cu





possibly due to the use of Cu2+ as a catalyst









+ (Akcil, 2003). The CIS
process, which is mainly designed for the
detoxification of heavy metals in wastewater,
was the most effective treatment in reducing
the levels of Zn and Fe. The CIS was more
efficient in reducing the concentration of Cu
in the wastewater, except for the bacterial
degradation process. Moderate amounts of
cyanide complexes of Cu and Zn are bio-
degraded or bio-absorbed during bacterial
treatment. In bacterial degradation, metal





, while the freed metals are
either precipitated from solutions or absorbed
within the bio-film (Akcil, 2003). The
reduction in the effluent concentration of Cu
and Zn might, therefore, have been due to
degradation, precipitation or adsorption onto
the bio-film of the rotating biological
contractors.
The levels of the dissolved Zn and Fe in
raw and treated effluent were less than the
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Ghana EPA standards (2006) (Table 2). The
level of dissolved Cu in the untreated
processed gold ore tailings decant was +0.049
mg l-1above the Ghana EPA maximum
permissible level of 2.0 mg l-1. However,
after treatment the Cu level in the effluent
from the rotating biological contractors
(RBCs) was decreased by 83% to comply
with the Ghana EPA set limits before
discharge into the environment. In
compliance to the set standard, a
concentration of 0.348 mg l-1 was achieved
at the point of discharge of the treated waste
water into the environment (Table 2).  The
order of magnitude in the occurrence of
dissolved metals was Cu > Fe > Zn in both
the treated and untreated effluent. Generally,
the levels of Zn, Cu and Fe in the treated
effluent were below the WHO (2008)
drinking water quality guidelines.
Conclusion
The concentrations of free cyanide in the
tailings mill effluent after treatment in the
study decreased by more than 90% for the
photo-oxidation, hydrogen peroxide and
bacterial treatments. However, the levels of
free cyanide released into the environment
were 0.03 mg l-1 and 0.13 mg l-1 greater than
the local (Ghana EPA, 2006) and
international (IFC/WB, 2007) effluent
discharge limits, respectively. The efficiency
of free cyanide detoxification of the different
remediation processes could be improved by
ensuring optimal conditions of effluent pH,
catalyst/reagent concentrations and increased
bacterial degradation activities.
The carbon-in-solution (use of activated
carbon), which is solely incorporated into the
multiple detoxification chain to precipitate
dissolved gold and heavy metals was the most
efficient in the reduction of the levels of Fe,
Zn and Cd. It is necessary to create optimal
conditions in the activated carbon columns
to ensure a higher percentage decrease in
the levels of As, Cu and Pb. The beneficiation
of gold in the study area is from arseno-pyrite
rock ores, which results in the release of high
amounts of As, contained in the feed of
tailings effluent. The high levels of As in the
effluent discharges could be partly due to
the low efficiency (14–49%) of As
detoxification of the different effluent
remediation processes employed.
However, the concentrations of Cu, Zn
and Fe attained after the integration of the
four tailings effluent detoxification processes
were lower than the local and international
set limits for effluent discharges. The levels
of Cd and Pb released into the environment
were also in compliance with the IFC/WB
(2007) guidelines for effluent discharges. The
incorporation of both chemical and biological
processes could, therefore, have the potential
to reduce the toxicity of gold mill effluent, if
optimal conditions are created.
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